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and Joan-Emma Shea∗1,6

1Department of Chemistry and Biochemistry, University of California at Santa Barbara, Santa Barbara, California 93106,
USA.

2Department of Physical Chemistry, University of Chemistry and Technology, Prague, Technická 5, 166 28 Prague 6, Czech
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Abstract

Using a combination of molecular dynamics simulation, dialysis experiments, and electronic circular dichroism measurements, we studied
the solvation thermodynamics of proteins in two osmolyte solutions, trimethylamine N-oxide (TMAO) and betaine. We showed that existing
force fields are unable to capture the solvation properties of the proteins lysozyme and ribonuclease T1 and that the inaccurate parameterization of
protein-osmolyte interactions in these force-fields promoted an unphysical strong thermal denaturation of the trpcage protein. We developed a novel
force field for betaine (the KBB force field) which reproduces experimental solution Kirkwood-Buff integrals and density. We further introduced
appropriate scaling to protein-osmolyte interactions in both the betaine and TMAO force-fields which led to successful reproduction of experimental
protein-osmolyte preferential binding coefficients for lysozyme and ribonuclease T1 and prevention of the unphysical denaturation of trpcage
in osmolyte solutions. Correct parameterization of protein-TMAO interactions also led to the stabilization of the collapsed conformations of a
disordered elastin-like peptide, while the uncorrected parameters destabilized the collapsed structures. Our results establish that the thermodynamic
stability of proteins in both betaine and TMAO solutions is governed by osmolyte exclusion from proteins.

Osmolytes are small organic solutes that are essential for cell via-
bility as they regulate the structure and function of cellular proteins
under conditions of osmotic stress. The protein-protective charac-
teristics of the amine-based or sugar-based osmolytes have gener-
ally been attributed to their unfavorable interaction with the pep-
tide groups, leading to their exclusion from the protein surface. 1–7

However, the protein-protective mechanism for one particular os-
†E-mail: pganguly@chem.ucsb.edu
∗E-mail: shea@chem.ucsb.edu

molyte, trimethylamine N-oxide (TMAO), which counteracts urea-
denaturation of cellular proteins in higher order marine mammals and
cartilaginous fishes, 8,9 remains elusive and disputed. 6,10–16

Earlier osmometry and densimetry/dialysis experiments suggested
preferential exclusion of TMAO from peptide groups and folded
proteins. 1,4,17 More recently, using MD simulations, Mondal and
coworkers showed that the TMAO-protein preferential binding co-
efficient 18–21 could be positive or negative, depending on the amino
acid composition of the protein. 22 However, the TMAO-peptide pref-
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erential binding coefficients were higher for the folded conformations
of the proteins than for the unfolded conformations. Thus, TMAO
was found to promote the folded conformations of the proteins. Ear-
lier, a similar mechanism was proposed for hydrophobic polymers in
TMAO. 23,24 Subsequently, Liao et al. also proposed a similar mech-
anism for TMAO on an elastin-like polypeptide and contrasted that
with betaine, which was found to promote collapsed peptide confor-
mations through the classical osmolyte-exclusion mechanism from
the peptide surface. 25 In contrast, recent experimental data indicated
exclusion of TMAO from a short polyalanine chain. 26 In our ear-
lier studies 27,28 and in a recent review, 29 we highlighted the impor-
tance of correctly capturing the TMAO solvation properties in MD
simulations and their effects on predicting protein stability. In the
current work, we address the importance of protein-TMAO interac-
tion parameters in MD simulation. Here we perform new dialysis
experiments to further understand protein solvation in TMAO solu-
tions, benchmark our simulations against earlier and new experimen-
tal data, reparameterize protein-TMAO interactions and predict the
thermodynamic mechanism for protein stability in TMAO. In addi-
tion, we compare our results with betaine to examine if the protein-
protective mechanism for TMAO is indeed a special one among other
osmolytes.

We are further interested in the comparison between TMAO and
betaine because both are naturally occurring, zwitterionic, amine-
based protein-protective osmolytes with a hydrophobic trimethy-
lamine headgroup attached to a negatively charged polar group. For
TMAO, there exist all-atom models which correctly capture solva-
tion properties of binary TMAO-water systems. 29–31 Here, we first
tested if the existing betaine force fields are capable of capturing be-
taine solvation properties in binary betaine-water solutions. We tested
three betaine force fields: a) the CHARMM 32 force field adapted by
Ma et al., 33 b) a modification of the CHARMM force field by Ma et
al. (the Ma force field), 33 c) a further modification of the Ma force
field by Liao et al. (the Liao force field). 25 In Figure S1 in the Sup-
porting Information, we plotted the betaine-betaine Kirkwood-Buff
integral (KBI) 34,35 and the solution density for 1–3 molar betaine-
water solutions. We found that none of the force fields could repro-
duce the experimental betaine-betaine KBI 36 and the density 37 si-
multaneously. Hence, we developed a new betaine force field (the
details are in the Supporting Information) which reproduce both the
solution density and the betaine-betaine KBI. We note that the devel-
opment of KBI-based force field parameters, pioneered by Smith et
al., 38 has widely been applied in studying aqueous mixtures. 28,39–45

Along with solution density and KBIs of binary betaine-water sys-
tems, our newly developed betaine force field (the Kirkwood-Buff be-
taine, KBB) also reproduced the experimental triglycine-betaine pref-
erential binding coefficient 7,33,46 (Figure S2 in the Supporting Infor-
mation). No significant difference in the betaine-betaine KBI and in
the triglycine-betaine preferential binding coefficient were observed
when the TIP3P 47 and the SPC/E 48 water models were used with the
KBB model for betaine. We used the KBB betaine model for simulat-
ing all our protein-betaine systems in this work, in conjunction with
the TIP3P water model, to be consistent with the protein model used
(AMBER99SB-ILDN 49) in this work (see the Supporting Informa-
tion for more details).

Thus far, there have been only a few MD simulation studies that
have aimed at reproducing experimental solvation properties of pro-
teins in TMAO or betaine solutions. 6,25,26,30,33,50 The Netz TMAO
model predicted the m-values for glycine, asparagine, valine and tryp-
tophan homopolypeptides reasonable well, including the anomaly of
negative m-value for tryptophan. 30 The m-value for trpcage minipro-
tein in TMAO was reproduced reasonably well by the Garcı́a TMAO

Figure 1: Upper panel: Shown are RNase T1-TMAO preferential binding co-
efficients (Γpt) for 1 M TMAO solutions. Lower panel: Lysozyme-betaine
preferential binding coefficient (Γpb) for 2 M betaine solutions. Red curves:
unscaled protein-osmolyte interactions, blue curves: protein-osmolyte van der
Waals interactions scaled by 0.75. Black horizontal lines: results from dialysis
experiments for TMAO 1 and betaine 52 by Timasheff et al. Magenta horizon-
tal line: result from VPO measurements for betaine by Record et al. 53 The
“per molal” value reported by Record et al. is multiplied by the molality of
2 M betaine solution (from simulation). The error bars indicate the errors
in the experimental data. The experimental error for the TMAO system was
calculated from the work by Record et al. 54

model, when appropriate scaling to the protein-osmolyte interactions
was applied. 6 Folberth et al. showed that the Hölzl 31 and the Kast 51

TMAO force fields captured the TMAO exclusion from polyalanine
but the force fields overestimated its absolute value. 26 The Ma 33

and the Liao 25 betaine force fields, as well as the newly developed
KBB model, reproduced the preferential binding coefficient between
triglycine and betaine (see Figure S2 in the supporting Information
for the results with the KBB model).

However, for larger proteins, the availability of experimental pref-
erential binding coefficient data for protein-TMAO or protein-betaine
systems is very limited in the literature. 1,17,52–54 Nonetheless, we first
examined if the TMAO or betaine force fields could reproduce experi-
mental preferential binding coefficient data available in the literature.
For that purpose, we chose lysozyme (for betaine) 52,53 and ribonu-
clease T1 (RNase T1) (for TMAO). 1 For lysozyme and RNase T1,
we simulated the proteins in their native conformations using unbi-
ased MD. In Figure 1, we plotted the preferential binding coefficient
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Figure 2: Lysozyme-TMAO preferential binding coefficient at different
TMAO concentrations in molality. Black circles: new results from dialysis
experiments. Black straight line: Linear regression of experimental data (y=-
3.2x, R=0.79). Red stars: unscaled protein-TMAO interactions, blue stars:
protein-TMAO van der Waals interactions scaled by 0.75.

between RNase T1 and TMAO (upper panel) for 1 M TMAO solu-
tion and between lysozyme and betaine (lower panel) for 2 M be-
taine solution. We found that the protein-osmolyte preferential bind-
ing coefficients had been significantly overestimated by our simu-
lations (red solid lines) compared to experimental values (horizon-
tal dashed lines). We used the Netz force field 30 for TMAO and
the newly developed KBB for betaine for the data shown in Fig-
ure 1; however, as shown in Figures S3 (RNase T1-TMAO) and
S4 (lysozyme-betaine) in the Supporting Information, different pro-
tein and osmolyte force field combinations yielded qualitatively sim-
ilar results. In addition, we calculated lysozyme-TMAO preferential
binding coefficient through dialysis experiments for 2, 3 and 4 molal
TMAO solutions (experimental details are in the Supporting Infor-
mation). Our new experimental data suggested strong depletion of
TMAO from lysozyme surface (Figure 2). Assuming linearity be-
tween protein-cosolvent preferential binding coefficient and cosol-
vent molality, 46,53 we estimated the ratio between lysozyme-TMAO
preferential binding coefficient and the TMAO molality to be ≈-3.2
per molal of TMAO. Similar to RNase T1, our simulation data could
not capture the strong TMAO depletion from lysozyme (red stars in
Figure 2).

Next, we examined if the TMAO force field was capable of captur-
ing the osmolyte-induced protein-protection against thermal denatu-
ration. For this purpose, we chose trpcage (NLYIQWLKDGGPSS-
GRPPPS), a native-folded alpha-helical miniprotein whose melting
temperatures for different TMAO concentrations are known. 6 Using
replica exchange molecular dynamics (REMD) simulations, we ear-
lier predicted the melting temperature of trpcage to be very close to
the experimental value in pure water. 55 Here, we performed REMD
simulations of trpcage in 2 M TMAO solution. In Figure 3, we plot-
ted the folding fraction of trpcage in pure water and in 2 M TMAO as
a function of temperature. We found that the addition of 2 M TMAO
to water significantly reduced the folding fraction and the melting
temperature, corresponding to a 50% folding fraction. In contrast,
experimental data predicted an increase in the melting temperature of
trpcage in TMAO solutions (≈3 K increase at 2 M TMAO), indicat-
ing stabilization of the folded conformations explicitly. 6

To understand the effects of betaine on the thermal stability of tr-

Figure 3: Folding fraction at different temperatures for trpcage in water, 2
M TMAO and 2 M betaine solutions. Red curves: unscaled protein-osmolyte
interactions, blue curves: protein-osmolyte van der Waals interactions scaled
by 0.75. The data for water are taken from our earlier work. 55

pcage, we first performed electronic circular dichroism (ECD) ex-
periments for trpcage in betaine solutions. Our experimental results
predicted that betaine applies a mild destabilizing effect on trpcage,
reducing its melting temperature by ≈3.5 K at 2 molal betaine con-
centration (Figure S5 in the Supporting Information). In contrast, our
simulation with the KBB betaine model predicted very strong desta-
bilization of the folded conformations by betaine (Figure 3). Our
simulation predicted only ≈30% folded fraction for trpcage at 291.2
K, which was the lowest temperature considered for our REMD sim-
ulations. We note that a qualitatively similar observation was re-
ported earlier with the CHARMM 32 betaine force field. 56 Our data
strongly indicated the limitation in the protein-osmolyte force field
combinations, despite the fact that the individual osmolyte force fields
captured thermodynamic solution properties of the binary osmolyte-
water systems and the protein force field predicted the correct melt-
ing behavior of folded proteins in pure water. 55 These observations
also indicated that the efficient route to developing more accurate
protein-osmolyte force field combinations may not be through the
alteration of any of the osmolyte-osmolyte, osmolyte-water and the
protein-water interactions, but rather through the correction of the di-
rect protein-osmolyte interactions.

Hence, we scaled down protein-osmolyte van der Waals inter-
actions to compensate for the over-accumulation of the osmolytes
around the proteins. Figure 1 (blue curves) and Figure 2 (blue stars)
show that if the protein-osmolyte van der Waals interactions are
scaled by 75%, it significantly reduces protein-osmolyte preferential
binding coefficients and predicts the data reasonably closer to the ex-
perimental data. Furthermore, Figure 1 shows that the effects of the
force field correction are local. The preferential binding coefficient
of the unscaled model steeply increases in the distance interval 0.4–
0.5 nm where attractive van der Waals forces between TMAO and the
protein surface occur. By contrast, this effect is significantly reduced
for the scaled model. The scaled protein-osmolyte interaction param-
eters thus make corrections to the unphysical local accumulation of
the osmolytes around the protein surfaces, as obtained by the uncor-
rected force field combinations. It should be noted that different ex-
perimental techniques, such as dialysis or vapor pressure osmometry,
provide preferential binding coefficients for different thermodynamic
conditions and the values may differ as seen in the lower panel of
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Figure 4: Trpcage-osmolyte preferential binding coefficient for 2 M TMAO
and 2 M betaine solutions at 300 K. Red curves: unscaled protein-osmolyte
interactions, blue curves: protein-osmolyte van der Waals interactions scaled
by 0.75. The preferential binding coefficients for the folded and the unfolded
states are separately shown in Figure S6 in the Supporting Information.

Figure 1. The thermodynamic conditions for the calculation of the
preferential binding coefficients from our simulation also do not ex-
actly match with the experimental conditions. A detailed discussion
on this issue can be found in the work by Trout and coworkers 57 and
in the Supporting Information.

Next, we applied the scaled protein-osmolyte interaction parame-
ters to simulating the trpcage systems. We found that the unphysi-
cal strong destabilizing effects of the osmolytes could be corrected
by the scaled protein-osmolyte interaction as it produced melting
curves very similar to the ones obtained in pure water (see Figure
3). We note that in the experiments, 2 M TMAO was found to in-
crease the melting temperature of trpcage only by ≈3 K with an er-
ror of ≈ ±2 K 6 and 2 molal betaine was found to decrease it by
≈3.5 K (see Table S7 in the Supporting Information). Next, we
calculated the trpcage-osmolyte preferential binding coefficients us-
ing both unscaled and scaled protein-osmolyte interactions. The re-
sults at 300 K are shown in Figure 4. We found that the unscaled
protein-osmolyte interaction yielded preferential accumulation of be-
taine around trpcage and predicted a near-zero preferential binding
coefficient for TMAO. The scaled protein-osmolyte interaction re-
sulted into preferential exclusion of both of the osmolytes. We note
that in the work of Garcı́a and coworkers, a scaled-down protein-
TMAO van der Waals interaction also showed a higher preferential
exclusion of TMAO from trpcage than the unscaled interaction and
predicted more accurate m-value relative to experiments. 6 We next
calculated the trpcage-osmolyte preferential binding coefficients sep-
arately for the folded and the unfolded conformations. We calculated
the m-value for trpcage denaturation in TMAO to be−0.28 kJ/mol/M
at 300 K, when the scaled protein-osmolyte interaction parameters are
used. Our predicted m-value was close to the experimental value of
−0.30 ± 0.15 kJ/mol/M (by Makhatadze and coworkers). 6 In con-
trast, with the unscaled protein-osmolyte interactions, we obtained
an m-value of 0.47 kJ/mol/M, indicating unphysical strong destabi-
lizing effects of TMAO. The trpcage-osmolyte preferential binding
coefficients for the folded and unfolded conformations of trpcage
are shown in Figure S6 in the Supporting Information. With an al-
ternative approach, we calculated the trpcage m-value directly from
the free-energies of unfolding where we used the fraction (f ) of the

folded conformations of trpcage to estimate the free-energy of unfold-
ing as, ∆G = −RT ln( 1−f

f
). Thus, the m-value was obtained from

the free-energies of unfolding in water (∆G|c=0) and in the osmolyte
solutions (∆G|c=c) as, ∆G|c=c = ∆G|c=0 −mc, with c being the
osmolyte concentration (in molarity or molality scale). Using this ap-
proach, in Figure S7 in the Supporting Information, we compare the
trpcage m-values at different temperatures, as obtained from our ECD
experiments and the simulations. For both TMAO and betaine, we
observed significant improvement in the simulated m-value with the
scaled protein-osmolyte interactions, when compared with the exper-
iments. Our results indicated that the scaled protein-osmolyte interac-
tion provides a more accurate thermodynamic picture for the protein
stability and we argue that both TMAO and betaine are preferentially
excluded from trpcage.

In addition to the globular proteins, we studied the stabilization
of a disordered elastin-like polypeptide (ELP) in TMAO-water solu-
tions. For this purpose, we chose an ELP with VPGVG repeat units.
Earlier experimental lower critical solution temperature (LCST) mea-
surements showed that TMAO stabilizes the hydrophobic collapse
of the (VPGVG)120 peptide and significantly reduces its LCST. 25

Although a direct comparison with the experimental LCST mea-
surements for such a large peptide was not possible with our all-
atom REMD simulations, we studied the conformational stability of
a smaller ELP, (VPGVG)4, in pure water and in TMAO-water solu-
tions. In Figure 5, we plot the distribution of the radius of gyration
(Rg) and the end-to-end distance (Ree) of the ELP in pure water and
in 2.1 M TMAO solutions. We found that the uncorrected protein-
TMAO interactions (middle panel) did not stabilize the collapsed con-
formations of the ELP. In contrast, when the protein-TMAO van der
Waals interactions were scaled by 75%, denoted by TMAO (0.75)
in Figure 5, the probability for finding collapsed conformations of
the peptide (Rg < 0.8 nm) significantly increased. We note that
the 75% scaling of the protein-TMAO interactions also reproduced
the RNase T1-TMAO preferential binding coefficient for the pro-
tein/water/TMAO force field combination used in the studies of the
ELP (Figure S3 in the Supporting Information). In Figure S8 in the
Supporting Information, we further plot the radius of gyration (panel
A), solvent-accessible surface area (SASA, panel B), and the num-
ber of residues with secondary structures or coil-like conformations
(panel C) for the peptide at varying temperatures. We observed that
the scaled protein-TMAO interactions led to peptide structures with
reduced radius of gyration, reduced SASA, and enhanced secondary
structures, while the uncorrected protein-TMAO interaction param-
eters led to swelling of the peptide, more significantly at the higher
temperatures. We found that the TMAO-induced stabilization of the
ELP correlated with the TMAO depletion from the peptide surface.
Figure S8 (panel D) in the Supporting Information shows a signif-
icantly lower peptide-TMAO preferential binding coefficient at 301
K when the appropriate scaling to the peptide-TMAO interactions is
applied. In Figure S9 in the Supporting Information, we show the
corresponding most probable conformations of the ELP at 301 K,
along with their respective probabilities and Rg. The most probable
ELP conformations further show that TMAO, if modeled correctly,
increases the probability of finding compact peptide conformations
with reduced Rg.

In summary, we presented new dialysis experiments probing
protein-osmolyte interactions, and used this new data, along with ear-
lier experimental solvation data, to develop protein-osmolyte force-
fields for TMAO and betaine solutions that correctly reproduce ex-
perimental solution KBIs and density for binary osmolyte-water
systems, and protein-osmolyte preferential binding coefficients for
ternary protein-osmolyte-water systems. Our osmolyte force fields
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Figure 5: Distribution of the radius of gyration (Rg) and the end-to-end distance (Ree) for (VPGVG)4 in water and in 2.1 M TMAO solutions at 301 and
321 K temperatures. TMAO: unscaled protein-osmolyte interactions, TMAO (0.75): protein-TMAO van der Waals interactions scaled by 0.75.

are compatible with a range of protein force fields and water mod-
els. Importantly, we show that deficiencies in parameterization
of earlier osmolyte force fields led to an inaccurate description of
protein-osmolyte preferential binding coefficients, even when the
force fields are capable of capturing correct thermodynamic prop-
erties for individual binary protein-water and osmolyte-water sys-
tems. Our work addresses the shortcomings of the MD parameters
used in earlier studies and we show that protein-TMAO (and protein-
betaine as well) preferential binding coefficients are overestimated if
the protein-osmolyte interactions are not modeled correctly. In par-
ticular, we show that an excess protein-osmolyte interaction resulted
into strong denaturation of trpcage, which contradicts experiments.
Scaling-down the protein-osmolyte van der Waals interaction param-
eters compensates for the excess osmolyte-accumulation around pro-
teins and corrects for the unphysical depression of trpcage melting
temperature upon the addition of osmolytes. Artifacts associated with
earlier incorrect parameterization of osmolyte force fields predicted
that TMAO may act as an osmoprotectant without being excluded
from proteins, and these results have popularized the idea that TMAO
is a “special” osmolyte, fundamentally different than other protective
osmolytes such as betaine, for example. Our simulations, consistent
with the experimental thermodynamic stability of proteins in the os-
molytes TMAO and betaine, however correctly predict preferential
exclusion for both the osmolytes from protein surfaces. This is a crit-
ical point, as it shows that both osmolytes studied stabilize proteins
through classical exclusion mechanism. In this respect, TMAO’s ac-
tion on proteins, in terms of osmolyte-depletion/accumulation, is not
fundamentally different than that of betaine, with the same overarch-
ing mechanism explaining the action of both osmolytes.
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